Introduction

!
Chronic total occlusions (CTOs) of coronary arteries occur in about 15 -30 % of patients with suspected or known coronary artery disease (CAD) [1 -4] . A CTO is defined as obstruction of a native coronary artery over a period of three months showing no antegrade blood flow as assessed by coronary angiography [5 -7] . CTOs are more frequently located in the RCA than in the LAD or the RCX, and the frequency increases with advanced patient age [2, 5] . Patients benefit from revascularization with a reduction of symptoms or need for bypass surgery, improvement of left ventricular function and prolonged survival like previous studies showed [8 -11] . Also long-term mortality is reduced after successfully performed PCI procedures [12] . Moreover, completeness of revascularization was identified as a strong predictor of survival in simultaneous CTOs [13] . Due to length variability, tortuosity, as well as histopathological structure concerning the presence and extent of calcification patterns, fibrocytes and collagen revascularizations of CTOs are known as challenging procedures and success rates vary between 55 % and 80 % in different series [8, 9, 14 -16] . In previous studies single predictors of PCI failure and success have been identified. The length of the occluded segment, the level of mural calcifications and the presence of an intraluminal calcification, the occluded segment tortuosity (greater than 45 degrees) and vessel course visibility were identified amongst others as predictors for PCI failure [7, 8, 15, 17, 18] . Also the presence of linear intrathrombus enhancement (LIE), which was defined as a linear-like area of enhancement opacity traversing the non-opacified occluded segment with attenuations higher than 120 Hounsfield units (HU) by Li et al., was identified as a predictor of PCI success [19] . A recent study by Rolf et al. showed that the PCI success rate in patients undergoing pre-procedural CTA was significantly higher compared to patients without coronary CTA prior to PCI (90 % vs. 63 %) [20] . These findings imply that analysis and characterization of CTOs by CTA with regard to special features and predictors can increase PCI success rates. To our knowledge, no statistically significant predictor combinations were identified in multivariate data analysis so far. The aim of our study was to assess whether PCI success in patients with CTO is predictable by a newly developed Heart 173
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CTA scoring system, which is based on identified predictors with frequency differences between the outcome groups.
Methods
!
The local ethics committee of our institution approved the study with patients' informed consent.
Patients and ethics
Between June 2012 and October 2013, 41 consecutive patients (30 male; mean age 63.1 years +/-8.3 standard deviation) underwent coronary CTA prior to elective interventional CTO recanalization at our institution. Revascularization attempts had not been previously performed in any of the included patients. A chronic total coronary occlusion was defined as the presence of a TIMI 0 (thrombolysis in myocardial infarction) flow within the occluded segment, and an occlusion duration of at minimum 3 months. Myocardial viability was tested before revascularization attempts using cardiac MRI or echocardiography. Afterwards the patients were referred to coronary CTA for characterization of the occluded segments. All CTA images showed diagnostic quality and therefore all patients could be included in the study and were available for further analysis.
Coronary CTA
All patients were examined using a dual-source 64 MDCT scanner (Somatom Definition ® , Siemens Healthcare, Forchheim, Germany). Contrast media were administered via an antecubital vein (18-G intravenous catheter). ECG electrodes were placed in standard position and all patients received 0.8 mg of glycerol-trinitrate sublingually immediately before the CT scans. To achieve sufficient target heart rates (below 65/min), patients also received 50 mg atenolol orally 45 minutes before imaging. Initially an unenhanced CT scan for calcification scoring was obtained. The imaging parameters were: 64 × 0.6 mm collimation, reconstruction slice thickness 3 mm and reconstruction kernel B35 f. The table pitch depended on the heart rate. The tube current was adapted automatically for calcification scoring using care dose 4 D exposure control. For optimal contrast media timing, a test bolus approach was used (10 ml iopromide containing 370 mg iodine/ml (Ultravist 370, Bayer Healthcare, Berlin, Germany) were injected followed by 50 ml isotonic saline both at a rate of 6 ml/s). Afterwards coronary CTA was performed and the contrast media amounts and radiation dose varied depending on the expected CT scan durations and field of views. The scan ranged from the level of the tracheal bifurcation to the diaphragm in a craniocaudal scan direction. All scans were acquired with retrospective ECG gating with the following imaging parameters: collimation 64 × 0.6 mm, tube voltage 100 -120 kV for both tubes (depending on body habits) and gantry rotation time 330 ms. As described for calcium scoring, the table pitch depended on the individual heart rates. The ECG pulsing window was manually adapted with a preference at 70 % of the RR interval. Image Abb. 1 Die schwarze Linie zeigt die Fläche unter der Kurve für die mögli-chen Grenzwerte des CTA-basierenden Punktesystems.
data was reconstructed with a slice thickness of 0.6 mm and an increment of 0.6 mm. Multiplanar reconstructions (MPR), maximum intensity projections (MIP) and curved MPRs were obtained. CT postprocessing was performed on a dedicated workstation (Syngo ® workplace, Siemens Healthcare, Forchheim, Germany). For all CTOs the vessel lumen and vessel diameters were measured on orthogonal images and the lengths were measured on curved MPRs.
Criteria evaluation
Two radiologists (15 and 4 years of cardiac imaging experience) analyzed and characterized all CTA images in consensus without knowledge of the PCI outcome concerning the presence or absence of LIE, intraluminal calcifications and CTA verifiable complexity criteria defined by the Euro CTO club [21] . Severe calcifications were defined as the presence of circular calcifications and intraluminal calcifications should cover at least a minimum of 50 % of the vessel lumen. All proven criteria are displayed in Table 1 . The criteria distribution between the PCI success group and the PCI failure group was analyzed for all proven criteria. Unequally distributed criteria were defined as criteria with a frequency difference of greater than 20 % between the outcome groups and one point was assigned for each unequally distributed criterion for each lesion. Afterwards all points were added up to a single score for each CTO and the CTO scores were related to sensitivity, specificity, positive predictive value (PPV) and negative predictive value (NPV) for each possible threshold. In addition, the contrast media amounts for CTA and PCI procedures and the number of PCI complications were analyzed.
Statistics
Statistical analyses were performed using SPSS statistical software version 20 (IBM, New York, USA). The criteria distribution between the outcome groups was tested for statistical significance with the Chi-Square test. Data was tested for normal distribution using the Shapiro-Wilk test. In cases of normal distribution, the Student t-test was carried out and if the data did not follow normal distribution, the Mann-Whitney U-test (non-parametric) was used. All results were tested at a 5 % level of significance. Receiver operating characteristic (ROC) was performed for the scoring system thresholds.
Results
!
23 CTOs were located in the RCA (56.1 %), 15 in the LAD (36.6 %) and 3 in the LCX (7.3 %). PCI was successful in 25 cases representing an overall PCI success rate of 60.1 % (RCA 11 of 23/47.8 %, LAD 11 of 15/73.3 %, LCX 3 of 3/100 %). The mean lengths of the occluded segments were 3.6 cm +/-2.0 cm SD with a range between 0.5 cm and 8.2 cm (RCA 4.27 cm, LAD 3 cm, LCX 1.7 cm). The mean occlusion lengths were 3.9 cm (RCA 4.27 cm, LAD 3.3 cm) for failed PCI and 3.5 cm (RCA 4.26 cm, Abb LAD 2.9 cm, RCX 1.7 cm) for PCI success. Successful revascularization was performed in all CTOs of the LCX. The mean occlusion lengths with regard to outcome are presented in • " Table 2 . The mean lesion lengths were not significantly different between the outcome groups (p = 0.33). In our group of patients, the level of calcification, intraluminal calcification, tortuosity of the occluded segment, distal vessel disease and linear intrathrombus enhancement (LIE) were unequally distributed criteria and were therefore identified as relevant predictors according to our definition. Intraluminal calcifications were present in 11 of 16 patients (68.8 %) in the PCI failure group and in 10 of 25 patients (40.0 %) in the PCI success group (p > 0.05). Severe calcifications were noted in 11 of 16 patients (68.8 %) in the PCI failure group and in 7 of 25 patients (28.0 %) in the PCI success group (p < 0.05), whereas the tortuosity of the occluded segment was only present in 4 patients in the PCI failure group (25.0 %) (p < 0.05). Linear intrathrombus enhancement was present in 6 of 16 patients (37.5 %) in the PCI failure group and in 15 of 25 patients (60.0 %) in the PCI success group and distal vessel disease was present in 11 of 16 patients (68.8 %) in the PCI failure group and in 11 of 25 patients (44.0 %) in the PCI success group (for both p > 0.05). The criteria distributions of the unequally distributed criteria are displayed in • " Table 3 . Multiple CTOs were present in only one patient. This patient had combined CTO of the RCA and the LCX. The PCI of the RCA CTO was successful in a first session and the PCI of the LCX CTO in a second session. Due to the identification of 5 relevant unequally distributed criteria, a maximum score of 5 points for each CTO was possible. The PCI failure group had a mean point value of 2.6 +/-1.4 SD and the PCI success group had a mean point value of 1.7 +/-1.0 SD (p = 0.02). The sensitivity, specificity, PPV and NPV were calculated for each threshold (0 to 5 points). The threshold analysis results are displayed in • " Table 4 . By adopting a threshold of 4 points (equal or higher), the corresponding sensitivity, specificity, positive predictive value (PPV) and negative predictive value (NPV) are: 31.3 %, 100 %, 100 % and 69.4 %, respectively.
• " Fig. 1 shows the ROC curve analysis for the thresholds of the scoring system. Complications during PCI procedures occurred in 4 cases. This results in an overall complication rate of 9.8 %. All of these complications occurred in the PCI failure group (complication rate 25.0 %). The complications were coronary artery perforation in 3 cases and coronary artery dissection in 1 case. In a case of coronary artery perforation, cardiopulmonary resuscitation was required. Furthermore, in all of these cases the revascularization attempt was unsuccessful. The mean contrast media amounts were 234.4 ml for the PCI procedures and 70 ml for CTAs and the mean CTA radiation exposure was 8.78 mSv with a range between 3.27 mSv and 23.2 mSv.
• " Fig. 2, 3 illustrate the CTA-based scoring system in two patients with successful revascularizations. 
Discussion
!
CTOs are often characterized by high complexity. Single predictors of PCI outcome have been identified in previous publications [7 -9, 17, 18] . Also the influence of pre-procedural CTA prior to PCI has been investigated and showed a favorable effect for revascularization success compared to a control group without CTA prior to PCI [20] . This effect might likely be attributed to better knowledge of occlusion anatomy and morphology. The advantage of CTA in this context is obvious ( • " Fig. 4) . In contrast to PCI, CTA is able to display the whole occluded segment and not only the occlusion stump when antegrade blood flow is absent or low retrograde fillings of the coronary artery basin are present. The aim of our study was to assess and to identify relevant outcome criteria, which are unequally distributed over the outcome groups, with the goal of developing a CTA-based scoring system to enable PCI outcome prediction in patients with CTO. To the best of our knowledge, this is the first attempt in this context. The overall PCI success rate of 60.1 % in our group of patients was comparable to the success rates published by other groups [8, 9, 14 -16] and also the RCA was predominantly affected as described in many previous studies. Severe calcifications, intraluminal calcifications, absence of LIE, distal vessel disease and tortuosity of the occluded segment showed an influence on PCI failure. Other criteria like lesion length didn't show any influence on revascularization success in our group of patients. The identification of these 5 relevant success criteria might be supported by physiological considerations and characteristics. Severe and/or intraluminal calcifications complicate guiding wire support due to the presence of hard and impassable plaque material and in cases of tortuosity. When steering through an occlusion on a bend, which is typically located in the proximal RCA, subintimal dissections are common due to directing of the guide wire in the outer part of the curve [22] . Retrograde revascularization approaches and guiding wire support are especially limited by the presence of severe distal vessel disease, and LIE, which is discussed as being associated with the presence of intraluminal microvessels (detected in histological examinations and varying in size between 100 and 500 µm), might otherwise support guide wire crossing in CTOs [19] . By adopting a threshold of 4 points (equal or higher), the CTO scoring system resulted in a sensitivity of 31.3 %, specificity of 100 %, NPV of 69.4 % and PPV of 100 %. Despite the low sensitivity and NPV, the great specificity and PPV might enable patient filtering for right treatment options in the future. Patients who would definitely profit from PCI and patients in whom PCI does not seem to be a promising alternative could be identified. Considering our results, 5 of 41 PCI procedures (12.2 %) could have been omitted by using and adapting the CTA-based CTO scoring system. The clinical application of the scoring system might also be related to increased PCI success rates. In our patient collective the success rate could have been increased from 60.5 % to 69.4 % by using the scoring system. Moreover, the overall complication rate of 9.8 % (25.0 % in the patients with failed PCI), the mean PCI contrast media amount of 234.4 ml and also the associated radiation exposures (in previously performed studies, mean PCI radiation exposures of 40 mSv were reported [21] ) underline the need for preventing non-suitable patients from undergoing PCI proce- Fig. 4 Shows a selective cardiac catheter image and the reconstructed CTA images of an RCA CTO in a 56-year-old patient. In selective cardiac catheter image a, the occlusion stump shows a blunt appearance (white star) and the white arrow marks the origin of the cone artery. In b a CTA MPR of the RCA with a slice thickness of 11 mm is displayed. In contrast to the catheter image, not only the cone artery (white arrow) and the stump morphology with a blunt occlusion entry but also the occlusion extent, plaque morphology, intraluminal calcifications and distal vessel contrast (white arrow) are displayed. In c the proximal and middle section of the RCA is displayed in a curved MPR. The black star marks the blunt occlusion stump. The occluded segment shows a mixture of calcified plaques with partial intraluminal calcifications and non-calcified plaques. The 3-dimensional MIP in d shows the blunt occlusion stump (white star) and the filling of the RPLD (ramus posterolateralis dexter, black arrow). The CTO scoring for this lesion yielded 4 points (severe calcifications 1 point, intraluminal calcifications 1 point, distal vessel disease 1 point and absence of LIE 1 point). Revascularization was not successful. dures. Nevertheless, this is accepted by radiation and contrast media exposures for pre-procedural CTA. In our group of patients, the mean CTA contrast media amount was 70 ml and the mean radiation dose was 8.78 mSv. Based on our results, • " Table 5 presents a CTO score calculation sheet for clinical usage. However, our approach has some study limitations. As a main limitation, our study is only performed as a retrospective singlecenter analysis in a relative small group of patients. The study populations in previously performed CTO CTA outcome studies were mostly larger and ranged between 30 and 139 patients [19 -21, 23] . Otherwise, studies dealing with CTA-based CTO success prediction or predictor identification are rare. Another limitation is that up to now only two of the determined relevant success predictors are statistically significant (severe calcification and tortuosity of the occluded segment). The other identified predictors are still insignificant, which is certainly owned by our small study population. Also the ongoing technical development of new guiding wires and cardiac catheters today and in the near future might influence revascularization outcomes due to technical improvement. It should also be assumed that new CT scanner generations with dual-source applications might also improve morphologic characterization of occluded segments in the future. Nonetheless, the result seems promising in our group of patients. In order to avoid high contrast media amounts, radiation exposure and complication rates, which are associated with failed PCO revascularizations in unsuitable patients, the suggested approach should be the object of large-scale trials.
Conclusion
! Summarized, our study showed that a CTO scoring system -only based on five relevant criteria identified by CTA prior to PCImight be a promising diagnostic tool to improve patient selection for PCI but also to prevent patients from risks of less promising PCI procedures in the future. Large-scale trials should be performed to verify these first results. 
